CD33 is a well-known stem cell target in acute myeloid leukemia. So far, however, little is known about expression of CD33 on leukemic stem cells in chronic leukemias.
Results
As assessed by flow cytometry, stem cell-enriched CD34 -cells (>98% purity) displayed higher levels of CD33 mRNA. In chronic phase patients, CD33 was found to be expressed invariably on most or all stem cells, whereas in accelerated or blast phase of the disease, the levels of CD33 on stem cells varied from donor to donor. The MDR1 antigen, supposedly involved in resistance against ozogamicin, was not detectable on leukemic CD34 + /CD38 -cells. Correspondingly, gemtuzumab/ozogamicin produced growth inhibition in leukemic progenitor cells in all patients tested. The effects of gemtuzumab/ozogamicin were dose-dependent, occurred at low concentrations, and were accompanied by apoptosis in suspension culture. Moreover, the drug was found to inhibit growth of leukemic cells in a colony assay and long-term culture-initiating cell assay. Finally, gemtuzumab/ozogamicin was found to synergize with nilotinib and bosutinib in inducing growth inhibition in leukemic cells.
Conclusions

CD33 is expressed abundantly on immature CD34 + /CD38
-stem cells and may serve as a stem cell target in chronic myeloid leukemia.
Key words: chronic myeloid leukemia, imatinib resistance, siglec-3, gemtuzumab/ozogamicin. Gleixner Chronic myeloid leukemia (CML) is a stem cell neoplasm characterized by the reciprocal translocation t(9;22). [1] [2] [3] The resulting fusion gene-product, BCR/ABL, is an oncogenic kinase considered essential to disease evolution. [1] [2] [3] This concept is supported by the impressive antileukemic effects of the BCR/ABL tyrosine kinase inhibitor (TKI) imatinib. [4] [5] [6] Notably, imatinib produces complete cytogenetic responses (CCyR) and major molecular responses (MMR) in a majority of all patients with freshly diagnosed CML. [4] [5] [6] Nevertheless, resistance against imatinib can occur in CML patients, and represents a major challenge in clinical practice. [7] [8] [9] [10] Imatinib-resistant patients may respond to a second generation BCR/ABL TKI such as nilotinib or dasatinib.
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9-15 However, not all CML patients are long-term responders, which can be explained by multidrug resistance. [9] [10] [11] [12] [13] [14] [15] A generally accepted concept is that CML is organized hierarchically, and that only a smaller cell-fraction, the socalled leukemic stem cells (LSC), have the capacity of selfrenewal, leukemia-initiation, and thus maintenance of CML, whereas more mature CML cells undergo apoptosis after a variable number of cell divisions. 10, 16, 17 This concept predicts that anti-CML therapy is curative only when eliminating all CML LSC. A widely accepted hypothesis is that CML LSC reside within the CD34 + /CD38
─ fraction of the leukemic clone. Unfortunately, however, CML LSC appear to be largely resistant against TKI. LSC-resistance may be due to intrinsic or/and acquired resistance. 10, [16] [17] [18] [19] [20] Whereas intrinsic resistance may result from abnormal expression of drug-transporters and LSC-quiescence, acquired resistance is mostly due to BCR/ABL mutations. 10, [16] [17] [18] [19] [20] To overcome LSC resistance in CML, several different pharmacological approaches have been proposed. 10, [16] [17] [18] [19] [20] One strategy is to apply novel targeted drugs. The 'optimal' target should be expressed in all CML LSC (all subclones), should be expressed preferentially in leukemic (but not in normal) stem cells, and should provide a BCR/ABL-independent mechanism of killing LSC.
Siglec-3 (CD33) is a cell surface antigen expressed on normal myeloid cells and CD34 + blasts in acute myeloid leukemia (AML). [21] [22] [23] The antigen serves as a target of gemtuzumab/ozogamicin (GO), which exerts anti-leukemic effects in refractory AML. [21] [22] [23] Recent data suggest that CD33 is expressed on NOD/SCID mouse-repopulating AML stem cells. 24, 25 In the present study, we provide evidence that CD34
+ CML stem cells express high levels of CD33, and that CD33 may serve as a therapeutic target in CML.
Design and Methods
Patients
Twenty-seven patients with CML (14 females, 13 males) were examined. The median age was 49 years (range 22-86 years). Diagnoses were established according to WHO-criteria. 26 Of the 27 patients, 16 were in chronic phase (CP) CML, 8 had accelerated phase (AP) CML, and 3 were in blast phase (BP) CML. Patients' characteristics are shown in Table 1 . Bone marrow (BM) was obtained from the iliac crest or sternum. Control BM cells were obtained from 7 patients with Hodgkin's or non-Hodgkin's lymphomas (pre-therapy staging) or idiopathic thrombocytopenia. All donors gave written informed consent. The study was approved by the ethics committee of the Medical University of Vienna.
Flow cytometry and characterization of leukemic stem cells
Various commercial monoclonal antibodies (mAb) were used to characterize and isolate LSC, including mAb against CD33, CD34, CD38, CD45, CD123, and CD243 (MDR1). A specification of mAb used in this study is shown in the Online Supplementary ─ CML LSC were examined for signs of apoptosis by combined staining for surface antigens and AnnexinV-FITC after exposure to control medium or GO (0.1 mg/mL) for 48 h. AnnexinV staining was performed according to the manufacturer's instructions (Bender MedSystems, Vienna, Austria).
Purification of leukemic stem cells
In 3 patients with CML AP, CD34 + /CD38 ─ cells and CD34 + /CD38 + cells were purified from Ficoll-separated PB mononuclear cells (MNC) by cell sorting using a PE-labeled CD34 mAb and APC-conjugated CD38 mAb (Online Supplementary Table  S1 ). CD34 + subfractions were separated using a high-speed sorter (FACSAria, BD Biosciences). After sorting, the purity of CD34 + /CD38
─ LSC was more than 98% in 2 patients, and 80% in the third patient. In 3 CP patients, Lin-negative BM cells were isolated by using the EasySep human progenitor cell enrichment kit following the manufacturer's recommendation (StemCell Technologies, Vancouver, BC, Canada). The presence of BCR/ABL and thus the leukemic origin of LSC were confirmed by fluorescence in situ hybridization (FISH) performed as described 27 using BCR/ABL triple color dual-fusion probe (Kreatech Diagnostics, Amsterdam, The Netherlands).
Quantitative PCR (qPCR)
Total RNA was extracted from highly enriched CD34 + subfractions of CML cells using RNeasy Mini-Kit (Qiagen, Hilden, Germany). CD33 and ABL mRNA levels in CD34 + fractions were quantified by qPCR as reported 28, 29 using the following primers: CD33: forward 5'-CCCAGCTCTCTGTGCATGTGA-3', reverse 5'-GAGTGCCAGGGATGAGGATTT-3'; ABL: forward 5'-TGTATGATTTTGTGGCCAGTGGAG-3', reverse 5'-GCCTAA-GACCCGGAGCTTTTCA-3'; MDR1: forward 5'-GCAGCAA AGGAGGCCAACAT-3', reverse 5'-TCTGGCCACCAGA-GAGCTGA-3'. BCR/ABL levels were determined by qPCR following published techniques. 28 The Rneasy Micro-Kit (Qiagen) was used to isolate RNA from colony-derived cells.
Evaluation of effects of gemtuzumab/ozogamicin on proliferation of leukemic cells
Primary CML cells (MNC n=16; CP n=13; AP n=3) and lineage-depleted MNC (LSC-enriched n=3) were incubated with increasing concentrations of GO (0.5-1,000 ng/mL) at 37°C for 48 h. In a separate set of experiments, nilotinib or bosutinib (Chemietek, Indianapolis, IN, USA) were applied alone or in combination with GO at various concentrations (fixed ratio of drug concentrations). After 48 h, 3 H-thymidine uptake was analyzed as described. 30 
Clonogenic assay and evaluation of long-term growth of leukemic cells
In 4 patients with CML (CP), MNC were incubated in RPMI 1640 medium plus 10% FCS in the absence or presence of GO (0.1-5 mg/mL) for 2 h. Thereafter, viability was confirmed by trypan blue exclusion. Cells were washed, and were then grown in a methylcellulose culture essentially as described. 31 In brief, cells were seeded in 35 mm culture plates (2-5¥10 5 per well in triplicates) at 37°C (5% CO2) in 0.8% methylcellulose with 30% FCS, 10% bovine serum albumin (Gibco, Carlsbad, CA, USA), alphathioglycerol, GM-CSF (10 ng/mL) (R&D Systems, Minneapolis, MN, USA), IL-3 (5 ng/mL) (R&D), and erythropoietin (2 U/mL) (Roche, Basel, Switzerland). After 14 days, the numbers of CFU-GM, BFU-E, and CFU-GEMM were counted under an inverted microscope (Olympus, Tokyo, Japan). Individual CFU-GM (up to 30 per culture-condition) were examined for the presence (percentage) of BCR/ABL mRNA levels (relative to ABL) by qPCR. Growth of long-term culture-initiating cells (LTCIC) was analyzed using irradiated (60 Gy) feeder cells (M2-10B4) and CML MNC (n=3). The LTCICs were performed with Myelocult H5100 Medium (StemCell Technologies, Vancouver, Canada) according to the manufacturer's protocol. In 3 patients, CML MNC were pre-incubated with GO (5 mg/mL) or control medium at 37°C for 2 h, washed, and then transferred to LTCIC cultures (1-2¥10 5 MNC/well). In 2 of the 3 patients, CML MNC (1-2¥10 5 /well) were also cultured on M2-10B4 cells in the absence or presence of GO (10 or 100 ng/ml) at 37°C. After three weeks, cells were recovered and transferred to methylcellulose cultures. Pooled CFU-GM (5-15 per condition) were examined for BCR/ABL by qPCR.
Statistical analyses
Statistical tests were applied to define the level of significance in analyses comparing CD33 levels in CML cells and normal cells (Mann-Whitney U test) and drug effects on cell growth (Student's t-test). In drug combination experiments, the median effect equation was applied following published guidelines. 32 Drug interactions were determined by calculating combination index (CI) values using Calcusyn software (Calcusyn; Biosoft, Ferguson, MO, USA). 30, 31 A CI of less than 1 indicates synergy, a CI of 1 indicates additive effects, and a CI of more than 1 is indicative of antagonistic effects.
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Results
Sorted CD34 + /CD38 -LSC express CD33 mRNA
As assessed by FISH analysis, the vast majority of highly enriched CD34 + /CD38
-CML LSC or Lin-negative CML cells were found to display BCR/ABL and thus the Phchromosome (Online Supplementary Figure S1A) . Expression of BCR/ABL in these cells was confirmed by qPCR analysis (range 61-83% according to the international scale, IS). Moreover, CD34
+ /CD38 -cells strongly expressed CD123 confirming their leukemic origin. As assessed by qPCR, these highly purified CML LSC were found to express CD33 mRNA (Online Supplementary  Figure S1B ). The levels of CD33 mRNA in these LSC were found to be almost identical compared to CD33 mRNA levels expressed in more mature CD34 + /CD38 + cells (Online Supplementary Figure S1B) .
CML LSC express high levels of surface CD33
Compared to normal stem cells, CD34
─ CML LSC expressed up to 10-fold higher levels of CD33 on their surface ( Figure 1A) . In CP patients, CD33 was found to be expressed invariably and homogeneously on most or all CD34 + /CD38
─ cells. In patients with AP and BP, CML LSC also co-expressed CD33, but the expression levels varied from donor to donor, and in one AP patient, most LSC appeared to be CD33-negative cells ( Figure 1B) . Strong surface expression of CD33 was not only detectable on CML LSC in imatinib-responsive patients, but was also demonstrable in CML LSC obtained from patients with imatinib-resistant disease ( Figure 1B) . In one patient, we were able to analyze expression of CD33 on CML LSC before and at the time of progression to a Phnegative blast phase. In this patient (#2 in Since the MDR1 antigen has been implicated in LSC resistance against various drugs, including the CD33-targeting drug GO, we also examined the expression of MDR1 (CD243) on CML stem cells. However, in the present study, we were unable to detect substantial amounts of MDR1 on the surface of CD34 + /CD38 ─ /CD123 + LSC in our CML patients ( Figure 1D ) which seems to contrast with previous studies. 19 However, in most previous studies, expression of MDR1 in CML LSC was determined by PCR analysis but not by flow cytometry. In our study, we were also able to confirm expression of low levels of MDR1 mRNA in purified CML LSC (data not shown), but surface expression was not detectable.
Effects of gemtuzumab/ozogamicin on proliferation of leukemic cells
We next examined the effects of the CD33-targeting drug GO on in vitro growth of CML cells and LSC-enriched CML cells. In these experiments, GO was found to induce growth inhibition in primary CML cells (MNC) in all donors tested (Figure 2A-C) . The effects of GO on CML cells were dose-dependent and occurred at relatively low and thus clinically relevant drug concentrations (IC50 ranging from 1-100 ng/mL). No differences in responses to GO (IC50) were seen when comparing bulk CML cells with LSC-enriched (Lin-negative) CML cells (Figure 2A-C) .
Finally, as determined by combined surface and AnnexinV staining, we were able to show that GO induces apoptosis in CML LSC ( Figure 2D) .
In a next step, we examined the effects of GO on colony formation of CML progenitor cells. In these experiments, preincubation with GO (5 mg/mL) for 2 h resulted in inhibition of growth of CFU-GM and BFU-E in all donors tested (n=4) ( Figure 3A) . The effect of GO on colony-formation was dose-dependent as exemplified for one donor in Figure 3B . As assessed by qPCR, more than 95% of the Day 14 CFU-GM colonies grown in the presence of GO (n=90 of 93) and 100% of the CFU-GM colonies grown in the absence of GO (n=41 of 41) were found to contain BCR/ABL. We then examined the effects of GO in an LTCIC assay. Pre-incubation of CML MNC with GO (5 µg/mL) for 2 h resulted in a significant decrease in the numbers of CFU-GM in the LTCIC ( Figure 3C ). In 2 donors, MNC were cultured on M2-10B4 cells in the presence of GO (10 or 100 ng/mL). Again, GO was found to reduce the number of colony-forming CFU-GM in both donors examined ( Figure 3D ). As assessed by qPCR, pooled CFU-GM-derived colonies, cultured in GO or in control medium, contained comparable amounts of BCR/ABL (control: 36.6±18.3% vs. GO, 100 ng/mL: 38.4±20.2%), suggesting that the growth-inhibitory effect of GO did not spare normal CFU-GM in the LTCIC. Together, these data suggest that GO inhibits the growth and survival of immature CML progenitor cells and CML LSC.
Gemtuzumab/ozogamicin cooperates with nilotinib and bosutinib in producing growth inhibition in leukemic cells in chronic myeloid leukemia
Finally, we asked whether GO would cooperate with BCR/ABL TKI in producing growth inhibition in CML cells. To address this question, we exposed primary CML cells to combinations of GO and nilotinib, and GO and bosutinib. As shown in Figure 4 , GO was found to synergize with nilotinib ( Figure 4A ) as well as with bosutinib ( Figure 4B ) in producing growth inhibition in CML cells. Evaluation of drug combination effects by the median effect equation 30, 32 confirmed synergistic effects of these drug combinations (combination index values <1).
Discussion
Although in most patients with CML the disease can be kept under control by BCR/ABL TKI, resistance may occur during therapy and this remains a challenge in the treatment of CML. [7] [8] [9] [10] Several different mechanisms of resistance have been described, including BCR/ABL mutations and intrinsic resistance of CML stem cells. [7] [8] [9] [10] A number of targeting concepts have recently been proposed with the aim of eradicating these cells. 10 -stem cells express only low amounts of or even lack CD33. 24, 25 In the present study, we found that leukemic stem cells in CML patients express significantly higher levels of surface CD33 compared to normal stem cells. The mechanisms underlying the increased expression of CD33 on leukemic stem cells remains unknown. Since the phenomenon was also observed in AML, 24, 25 it is tempting to speculate that leukemic progenitors in general express higher levels of CD33 compared to normal stem cells. Another possibility would be that surface expression of CD33 is associated with cell cycle-specific or proliferative features of leukemic stem cells. The possibility that expression of CD33 is up-regulated by specific oncoproteins such as BCR/ABL would be another alternative. However, other clonal cells in CML such as monocytes or granulocytes displayed similar levels of CD33 compared to normal leukocytes.
Since CD33 may serve as a potential target for therapy, [21] [22] [23] we asked ourselves whether CD33 is expressed invariably on all CML stem cells in all patients. In these experiments, we first noted that expression of CD33 on CML stem cells (CD34 -CML cells were found to lack CD33. These observations suggest that CML progression is associated with evolution in subclones and that subclone formation may be associated with loss of CD33. Such a hypothesis would fit with the notion that CML transformation is a complex process that often involves multiple lineages, including even nonmyeloid and thus CD33-negative cells. 2, 10, 26 As far as a target for therapy is concerned, this observation may lead to the conclusion that CD33 is a suitable stem cell target in early rather than in advanced CML, and that drug combinations are still required to suppress all relevant subclones in these patients. Recent data suggest that MDR1 is expressed in leukemic stem cells in CML and may serve as important gene mediating multi-drug resistance in these cells. 19, [34] [35] [36] With regard to gemtuzumab/ozogamicin, it has also been reported that MDR1 is involved in the mechanism of drug-efflux, and thus resistance, in AML and CML cell lines. 37, 38 Therefore, we asked ourselves whether CML LSC (CD34 + /CD38 -) express MDR1. However, in this study, we were unable to detect substantial amounts of the MDR1 antigen on the surface of CD34 + /CD38 -cells in our CML patients. In the light of the previously published literature, 19, [34] [35] [36] this result was unexpected and may have several explanations. The most likely is that in previous studies, MDR1 was examined in CML cells by PCR but not by surface staining techniques. 19, [34] [35] [36] In line with these previous data, we were also able to detect MDR1 mRNA in highly purified CML stem cells in this study. The failure to detect MDR1 on the surface of these cells may be explained by selective cytoplasmic expression or by very low expression of MDR1 on these cells. Alternatively, MDR1 is expressed on the surface of CML stem cells, but was not detectable by the antibody because the binding site was 'masked' by gangliosides or other antigens. Another explanation for the discrepant results obtained may be that in previous studies cell lines, but not primary CML stem cells, were examined. In fact, we were able to detect surface expression of MDR1 on the CML cell line KU812 which is resistant to gemtuzumab/ozogamicin (Online Supplementary Figures S2 and S3) . All in all, our data strongly suggest that primary CD34 + /CD38
-CML stem cells do not express substantial amounts of surface MDR1 which is important when considering targeted drug therapies involving CD33.
Based on this observation, we asked ourselves whether the CD33-immunotoxin conjugate gemtuzumab/ozogamicin (GO) would exert growth-inhibitory effects on primary CML cells. The results of our study show that GO is a potent inhibitor of growth of primary CML cells, and also inhibits the growth of CD34 + /CD38
-or Lin-negative CML cells. Drug effects and IC50 were observed at a low nanomolar and thus pharmacological range. Moreover, the effect of GO was seen in CP and AP, and even in patients with imatinib-resistant disease; although, as expected, the effects of GO were less pronounced in CD33-negative subclones. Notably, in patients with AP and BP, CML LSC often expressed varying amounts of CD33, and in several cases subfractions of LSC were found to lack CD33. All in all there was a good correlation between GO effects and expression of CD33 on leukemic cells. However, it is still not clear whether all the GO effects on CML cells were H. Herrmann et al. 224 haematologica | 2012; 97(2) mediated through CD33. Alternatively, some of the GO effects could have been mediated via non-specific druguptake (endocytosis) which has been described for leukemic cells. 39 A number of previous and more recent data suggest that CML stem cells display multiple mechanisms of drug resistance and that drug combinations may be required to achieve stem cell-eradicating activity. We were, therefore, interested to learn whether combinations of BCR/ABL blockers and GO would produce cooperative or even synergistic drug combination effects on CML cells. Indeed, GO was found to cooperate with nilotinib and bosutinib in producing growth inhibition in primary CML cells. These observations may have clinical implications, even if GO has recently been withdrawn from the market in the US and in Europe. In particular, in the light of the LSC-targeting and 'TKI-combination' effects seen with GO, it seems reasonable to consider such drug combinations for eradication of advanced CML in clinical trials. For the moment, it is not known whether such studies should be performed with GO or with other CD33-targeting antibody constructs.
In conclusion, our data show that CD34 + /CD38 -CML LSC express high levels of CD33, and that GO is highly effective in producing growth arrest in CML stem cells. Whether the concept of targeting CD33 may also lead to growth inhibition or even eradication of CML stem cells in vivo remains to be clarified. 120  100  80  60  40  20  0   120  100  80  60  40  20  0   150  125  100  75  50  25  0 CFU-GM CFU-GM CFU-GM
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